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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1826 

PRELIMINARY FLIGHT EVALUATION OF TWO UNPOWERED MA.NlED PARAGLIDERS 

By Garrison P. Lay-ton, Jr., and Milton 0. Thompson 

SUMMARY 

Towed and free-flight tests were made with unpowered, manned paragliders to 
study the performance, stability, and control characteristics of a typical para- 
glider. The paragliders used had maximum lift-drag ratios greater than 3.5 and 
wing loadings of approximately 4.0 lb/sq ft. The airspeed range was limited by 
the rearward center-of-pressure shift at angles of attack above and below trim 
angle of attack. Performance data obtained from flight tests are presented and 
compared with analytical results. Center-of-gravity shift, accomplished by 
tilting the wing relative to the fuselage, was used for control. This method of 
control was adequate for towed and free flight as well as for flare and landing. 
The pilot's evaluation of the vehicle's handling qualities, and a discussion of 
development problems are presented. 

INTRODUCTION 

Paragliders have been proposed for use in the recovery of space vehicles 
(ref. 1, for example) and for other purposes such as logistics support vehicles 
and booster recovery vehicles. 
other vehicles proposed for these applications. 
predetermined landing point and can be landed with near-zero vertical velocity. 

Paragliders have two significant advantages over 
They can be maneuvered to a 

To complement wind-tunnel tests and flight tests of paragliders by other 
facilities (refs. 2 and 3), the NASA Flight Research Center at Edwards, Calif ., 
built and is flying two manned unpowered paragliders. 
program is to achieve manned, controlled free glide flight and to demonstrate 
the flare and landing capability of a paraglider with a maximum lift-drag ratio 
less than 3.0 and a wing loading up to 7.0 lb/sq ft. 

The objective of the 

This paper presents some of the initial results of this investigation in 
which, for safety reasons, maximum lift-drag ratios greater than 3.3 and wing 
loadings of approximately 4.0 lb/sq ft were used. 



SYMBOLS 

A l l  forces  and moments a r e  presented with respect t o  a system of body axes 
or iginat ing a t  the  in te rsec t ion  of t he  center l ines  of t he  booms and t h e  keel .  
Coefficients a r e  based on the  w i n g  membrane a rea  and the  kee l  length.  
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normal accelerat ion,  g units 

drag coeff ic ient ,  Drag 
qs 

L i f t  lift coef f ic ien t ,  - qs 

Pitching moment 
qs lk  

pitching-moment coeff ic ient ,  

z m  
acl, per deg slope of pitching-moment curve, 

N o r m a l  fo rce  
normal-f orce coef f ic ien t ,  qs  

Z N  slope of normal-force curve, acl, per deg 

Chordwise force 
chordwise force coef f ic ien t ,  qs  

X X  slope of chordwise force curve, z, per deg 

drag, l b  

acce lera t ion  due t o  gravity,  f t / s e c  2 

wing incidence angle, deg 

l i f t ,  l b  

incremental l i f t  due t o  gust 

keel  length, f t  

dynamic pressure, lb / sq  f t  

wing area (based on f l a t  planform), sq  f t  

free-stream velocity,  knots 

gust  velocity,  knots 
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free-stream ve loc i ty  p r i o r  t o  gust,  f t / s ec  

v e r t i c a l  veloci ty ,  f t / s ec  

weight, l b  

body reference axes 

dis tance along X-axis, pos i t ive  rearward along the  keel, f t  

dis tance along Z-axis, pos i t ive  downward perpendicular t o  the  keel, f t  

pos i t ion  of aerodynamic center,  f t  

angle of a t tack ,  deg 

gl ide-path angle, deg 

angular pos i t ion  of a i r c r a f t  center  of grav i ty  with respect  t o  a l i n e  
perpendicular t o  the  wing through the  aerodynamic center,  deg 

p i tch  a t t i t u d e ,  deg 

mass dens i ty  of a i r  (0.00224 used for a l l  t heo re t i ca l  ca lcu la t ions) ,  
slugs/cu f t  

Sub s c r i p t  : 

W wing 

DESCRIPTION OF THE TEST VEHICIJ3S 

Photographs showing d e t a i l s  of vehicle  A and vehicle B a r e  presented i n  

Per t inent  physical  cha rac t e r i s t i c s  a r e  presented i n  t a b l e  I. 
f igures  1 and 2, respect ively.  
vehicles.  

Figures 3 and 4 a r e  three-view drawings of t he  

The fuselages of both vehicles  were constructed of s t e e l  tubing and were of 
the  open-framework type.  
s t ruc ted  of 2 ll2-inch-diameter aluminum tubing. 
constant a t  50" by the  use of a r i g i d  spreader bar .  
fabr icated of s t e e l  tubing assured s t r u c t u r a l  i n t eg r i ty .  

The keel  and leading edges of t he  wings were con- 
The boom sweep angle was held 

Additional wing s t ruc tu re  

The p i l o t ' s  d i sp lay  consisted of rate-of-climb, a l t i t u d e ,  and airspeed 
ind ica tors .  
data  purposes. 

Fuselage p i t ch  a t t i t u d e  and wing incidence angle were presented f o r  
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The pr inc ipa l  differences between the two vehicles are sham i n  the  f o l -  

c 

lowing table: 

Component 

Fuselage 

Control system 

Wing membrane 

Main landing gear 

Vehicle A 

Main longitudinal member 
was s ingle  1 1/2-inch- 
diameter tube ( f i g .  1) 

Direct l i n k  ( f i g .  3)  

Doped I r i s h  l inen 

Single s t e e l  tube 
( f i g .  1) 

Vehicle B 

Built-up truss, instead 
of s ingle  tube ( f i g .  2) 

Cable-operated ( f i g .  6) 

6-ounce unsealed Dacron 
( f i g .  7) 

Shocks and bungees used 
( f i g .  2 )  

TEST TECHNIQUES 

The paragl iders  were towed a l o f t  during a l l  f l i g h t  tests. The first tests 
Later t e s t s  used a were conducted with a t ruck as the  tow vehicle (ground tow). 

l i g h t  a i r c r a f t  t o  tow t h e  paragliders (air tow). 

Ground Tow 

I n i t i a l  tests with each vehicle were made with a 300-foot towline a t  speeds 
near the  speed f o r  nosewheel l i f t - o f f .  The p i l o t  evaluated the  control  effec-  
t iveness  both l a t e r a l l y  and longi tudinal ly  during these tests. When the p i l o t  
f e l t  that control  was adequate, speed w a s  increased u n t i l  l i f t - o f f  occurred. 
The p i l o t  then fu r the r  evaluated the control,  with pa r t i cu la r  a t t en t ion  t o  t h e  
control  forces .  The dis tance between t h e  pivot point and t h e  w i n g  center  of 
pressure of a paraglider determines the  s t i c k  forces .  The sail  posi t ion r e l a t i v e  
t o  the  pivot point was changed between f l i g h t s  of t h e  tes t  vehicles u n t i l  t h e  
trim s t i c k  forces  were acceptable near t h e  airspeed f o r  maximum l i f t - d r a g  r a t i o .  

A 1,000-foot towline was used f o r  subsequent tows t o  obtain a l t i t u d e s  of 
200 feet, from which s tab i l ized  gl ides  and complete flares and landings were 
accomplished. 

A Fairchi ld  multiple-exposure theodol i te  camera was used t o  obtain a l l  
quant i ta t ive  data from ground tows. 
were t h e  var ia t ion  of range, a l t i tude ,  and p i t ch  a t t i t u d e  with time ( f i g .  8) .  
From these data, v e r t i c a l  velocity, horizontal  velocity,  f l i g h t  -path angle, angle 
of a t tack,  and l i f t - d r a g  r a t i o  were determined. The Fairchi ld  data  were used 
primarily t o  evaluate the  f l a r e  and landing. Since a s teady-state  g l ide  could be 
maintained for  only 1 second t o  1.5 seconds, only approximate values of l i f t - d r a g  
r a t i o  were obtained. 
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A i r  Tow 

During a l l  a i r  tows, a 1,000-foot towline was used t o  keep the  paraglider 
out of the wake of t he  tow a i rp lane  and t o  provide a minimum angular def lec t ion  
from the  f l i g h t  path. 

Before data  were obtained on f r e e  f l i g h t s  from a i r  tow, the  airspeed ind i -  
ca tor  was ca l ibra ted  by checking it against  the  tow t ruck ' s  ca l ibra ted  speed- 
ometer during ground tow. 

During f r e e  f l i g h t s  from air  tow, performance data, t he  only quant i ta t ive  
data  obtained, were derived by recording the  time required t o  descend 2,000 f e e t  
a t  a constant airspeed. The p i l o t  recorded fuselage a t t i t u d e  and wing incidence 
during these s t ab i l i zed  g l ides  t o  determine angle of a t tack .  The air-tow data 
f l i g h t s  were conducted only when winds were calm t o  assure  r epea tab i l i t y  of da ta .  

RESULTS AND DISCUSSION 

The i n i t i a l  design of t h e  Fl ight  Research Center paragliders w a s  based on 
the  r e s u l t s  of wind-tunnel and f r ee - f l i gh t  model t e s t s .  
t ion ,  economy, ease of maintenance and modification, and construction time were 
a l s o  important considerations.  
f l i g h t - t e s t  r e s u l t s  were t o  be of s ign i f icant  value i n  the  design of operational 
systems u t i l i z i n g  the  parawing concept. 
however, t h e  control l ing f ac to r  i n  ac tua l  operation. The vehicles shown i n  
f igures  1 and 2 were the  products of these considerations. 
i n i t i a l  configuration were incorporated only as necessary t o  accomplish t h e  
i n i t i a l  t e s t  objective or t o  s a t i s f y  p i lo t ing  considerations. 

Simplicity of construc- 

Expeditious program progress w a s  mandatory i f  t h e  

P i lo t - safe ty  considerations were, 

Modifications t o  t h e  

Performance Data 

Vehicle A.- The maximum l i f t - d r a g  r a t i o  f o r  vehicle A was 3.5 a t  42 knots, 
instead of the  predicted value of 4.2 ( f i g .  9 ) .  
17 f t / s ec  a t  35 knots, instead of t he  predicted minimum r a t e  of s ink  of 15 f t / sec  
( f i g .  lo). 
was poor, with la rge  spanwise seams and a f l u t t e r i n g  t r a i l i n g  edge. 
vehicle employed considerably more s t ruc ture  than was accounted f o r  i n  the  
or ig ina l  drag analysis .  

The minimum rate of s ink was 

There a r e  two reasons f o r  t h i s  var ia t ion.  F i r s t ,  t h e  membrane shape 
Second, t he  

Vehicle B.- Performance data  obtained during sustained free f l i g h t  show that 
the  maximum l i f t - d r a g  r a t i o  f o r  vehicle B was 3.9 a t  42 knots instead of t he  
predicted 3.1 ( f i g .  ll), with a corresponding decrease t o  16.5 f t / s ec  i n  minimum 
v e r t i c a l  ve loc i ty  ( f i g .  12). 

Handling Qua l i t i e s  

The s t a b i l i t y  and cont ro l  cha rac t e r i s t i c s  of t he  paraglider configurations 
t e s t ed  were adequate t o  accomplish the  primary objectives of a paragl ider  
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recovery system, that is, t o  land a t  a designated area w i t h  near-zero v e r t i c a l  
velocity.  Atmospheric conditions during t h e  t e s t  program, however, were a 
control l ing f ac to r  i n  scheduling f l i g h t s .  Steady winds i n  excess of 12 knots, 
horizontal  gusts  i n  excess of 55 knots, and moderate turbulence, e i t h e r  combined 
or  separately,  const i tuted "no f l i g h t "  conditions. 

Basic s t a t i c  s t a b i l i t y  and handling-qualit ies charac te r i s t ics  of a parawing- 
payload combination a r e  dependent upon the  se lec t ion  and use of various physical 
and aerodynamic relat ionships .  These charac te r i s t ics ,  which were obtained from 
wind-tunnel t e s t s  of various wings and wing-payload combinations, a r e  included 
i n  the  appendix f o r  t h e  paragliders used i n  t h e  Flight Research Center program. 
F l igh t - tes t  r e s u l t s  indicate  good agreement i n  these areas .  Dynamic s t a b i l i t y  
and control  cha rac t e r i s t i c s  a r e  not as readi ly  avai lable  as s t a t i c  character-  
i s t i c s ,  since data  from manned paraglider f l i g h t  experience a r e  extremely 
l imited.  No standards ex is t ,  and present standards f o r  f l i g h t  vehicles are not 
d i r e c t l y  applicable.  The discussion i n  t h i s  sect ion i s  devoted primarily t o  
vehicle cha rac t e r i s t i c s  observed as a r e s u l t  of maneuvering f l i g h t .  

The se lec t ion  of a universal  pivot for t h e  wing, located near t h e  wing 
center  of pressure, was responsible f o r  ce r t a in  charac te r i s t ics  of t he  Fl ight  
Research Center paraglider which a r e  not common t o  a vehicle u t i l i z i n g  cable- 
s l i ng  connections between the  wing and payload. St ick-free vehicle s t a b i l i t y  of 
t he  t e s t  vehicles was equivalent t o  the  s t a b i l i t y  of t he  wing about t h e  pivot 
and did not include the increment of s t a b i l i t y  resu l t ing  from the  low center-of- 
grav i ty  posi t ion.  

The basic  vehicle geometry and physical cha rac t e r i s t i c s  of t he  t es t  vehicles  
were responsible f o r  some unusual vehicle responses t o  applied control  and gust  
forces.  Four conditions determined the  type of vehicle response: (1) the  type 
of control  u t i l i zed ,  f o r  example, center-of -gravity s h i f t ;  (2)  t h e  combined 
l a t e ra l -d i r ec t iona l  cha rac t e r i s t i c s  of the  i so la ted  w i n g ;  (3) the  nonrigid w i n g -  
payload attachment; and (4)  t he  displacement of t he  p i l o t  from t h e  p i t ch  and r o l l  
axes. The unusual motion cues noted a t  t h e  p i l o t ' s  s t a t i o n  as a r e s u l t  of 
control  appl icat ion sometimes resul ted i n  reversed p i l o t  inputs or hesitancy i n  
completion of a control  appl icat ion.  
opposite d i rec t ion  from t h a t  of t he  intended and ensuing maneuver. This center-  
of-gravi ty-shif t  type of control  was responsible f o r  some undesirable handling 
q u a l i t i e s .  The high ine r t i a s ,  moderate f r i c t ion ,  and la rge  def lec t ions  required 
t o  obtain a rapid vehicle a t t i t u d e  change were cha rac t e r i s t i c s  which reduced the  
p i l o t  ' s capabi l i ty  t o  cope w i t h  low-amplitude, short-period osc i l la t ions ,  and 
increased the  probabi l i ty  of augmenting r a the r  than damping a motion. 
resu l t ,  t h e  p i l o t  r e l i e d  on the  inherent vehicle s t a b i l i t y ,  both dynamically and 
s t a t i c a l l y ,  and used small-amplitude, long-duration control  inputs  t o  produce 
vehicle a t t i t u d e  changes. 
accelerations,  bu t  was ef fec t ive  and capable of high r a t e s  with prolonged appl i -  
cat ion of even small control  def lect ions.  

The i n i t i a l  fuselage motion was i n  t h e  

A s  a 

The center-of-gravity s h i f t  produced low i n i t i a l  

Longitudinal handling qua l i t i e s . -  Vehicle response t o  s t ep  longi tudinal  
control  inputs consisted of an i n i t i a l  motion of the  lower fuselage about t h e  
pivot point which resul ted i n  a wing-incidence change and a t o t a l  vehicle a t t i -  
tude change. Since the  p i l o t ' s  normal forward f i e l d  of v i e w  d id  not include a n  
portion of t he  wing, t he  change i n  wing posi t ion r e l a t i v e  t o  the lower fuselage 
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was not noted. The seemingly "wrong" f i r s t  motion response t o  rapid cont ro l  
inputs was noted a t  the  p i l o t ' s  s ta t ion ,  even though t h e  change i n  fuselage p i tch  
a t t i t u d e  was small and no v i sua l  p i tch  reference was avai lable  t o  t h e  .p i lo t .  
With slow-rate control  inputs, t he  f irst  motion was imperceptible, and the  
response w a s  noted only as a l ag  from control  input t o  vehicle a t t i t u d e  change. 
Vehicle response t o  gust  forces  was conventional i n  the  longi tudinal  mode w i t h  
t he  s t i c k  fixed, and was opposite t o  t h e  response with the  s t i c k  f r ee .  
s t i c k  free,  however, t he  ra ther  rapid lower-fuselage motions were somewhat con- 
fusing t o  the  p i l o t .  

With the  

Pitching osc i l l a t ions  were not apparent as a r e s u l t  of small pulse or s t ep  
type of control  inputs.  The only pitching osc i l l a t ions  noted occurred i n  con- 
junction w i t h  the  higher-amplitude l a t e ra l -d i r ec t iona l  motions i n i t i a t e d  by 
moderate turbulence. 
d i rec t iona l  o sc i l l a t ions  diminished i n  amplitude. 

The pitching osc i l l a t ions  damped completely as t h e  lateral- 

Since both of the cont ro l  systems (cable and linkage) u t i l i z e d  i n  the  para- 
g l ide r  were of a d i r e c t  manual type, control  forces  were determined by the  
re la t ionship  of t he  wing center  of pressure and the  wing-pivot point, and by the  
selected control-system gearing. Center-of-pressure posi t ion of t h e  i n i t i a l  wing 
was assumed t o  be a t  a 46-percent-keel location, based on reference 2. I n i t i a l  
f l i g h t  t e s t s  revealed t h a t  extremely high (two-handed) pull forces  were necessary 
t o  maintain s t i c k  posi t ion i n  towed f l i gh t ,  w i t h  only a s l i g h t  reduction of these 
forces  i n  f r e e  f l i g h t .  Calculations using estimated values of s t i c k  force ind i -  
cated t h a t  the  ac tua l  center-of -pressure posi t ion was a t  a 47.3-percent-keel 
locat ion.  
acceptable l eve l s  over t he  l imited speed range of 30 K I A S  t o  65 KIAS. 

Relocating the  w i n g  by t r i a l  and e r ro r  reduced the  cont ro l  forces  t o  

Locating the  wing so t h a t  t he  wing center of pressure and wing pivot point 
coincided was not considered desirable  by the  p i l o t .  
selected,  therefore,  which resul ted i n  s m a l l  p u l l  forces.  The p i l o t ' s  des i r e  f o r  
a s l i g h t  p u l l  force i s  probably re la ted  t o  the  fundamental difference between 
s t ick-f ixed and s t i ck - f r ee  s t a b i l i t y .  With zero s t i c k  force, t h e  p i l o t  would 
have a tendency t o  a l l o w  the vehicle t o  f l y  i t s e l f .  The f l i g h t  behavior would 
then be r e l a t ed  t o  s t ick- f ree  s t a b i l i t y ,  which i s  equivalent t o  the  s t a b i l i t y  of 
t he  w i n g  about t h e  pivot and does not include the increment of s t a b i l i t y  re- 
su l t i ng  from the  low center-of-gravity posi t ion.  

A w i n g  posi t ion was 

A s  t he  f l i g h t  program progressed, changes i n  s t i c k  force were noted. Com- 
parison of force l eve l s  from several  f l i g h t s  a t  t he  same f l i g h t  conditions 
indicated a change i n  posi t ion of t he  wing center  of pressure. 

A s  a r e s u l t  of t h e  difference between the  ac tua l  and t h e  assumed center-of- 
pressure posi t ion and the subsequent changes observed, it was concluded tha t  t h e  
center-of-pressure posi t ion of a l i f t i n g  surface emgloying a f l ex ib l e  mater ia l  
i s  c r i t i c a l l y  dependent on t ra i l ing-edge conditions, canopy-attachment details, 
and mater ia l  deformations due e i t h e r  t o  f l i g h t  loads or manufacturing flaws. 
During a s e r i e s  of f l i g h t s  performed within 4 hours, the control  forces  changed 
considerably as a result of s t re tch ing  of t he  w i n g  mater ia l .  

The center  of pressure of t h e  wing may be adjusted by use of boltrope, which 
is, effect ively,  cambering of t h e  membrane that results i n  a rearward center-of- 
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pressure s h i f t .  
vehicles consisted of a continuous l i n e  through the  trail ing-edge seam of both 
lobes, which insured symmetrical adjustment. 

Boltrope ground-adjustment provisions f o r  each of t he  t e s t  

An asymmetric boltrope adjustment (1-percent difference) was unintent ional ly  
made p r io r  t o  an air-tow f l i g h t .  
condition was noted i n  roll. 
the  avai lable  l a t e r a l  control  was required t o  maintain zero roll r a t e .  

During towed f l i g h t ,  a s l i gh t  out-of-trim 
After towline release,  approximately one-half of 

The trend of longi tudinal  control  forces i s  shown plot ted against  airspeed 
i n  f igure  13. A s  airspeed w a s  decreased from the  t r im speed, the  wing center  of 
pressure moved rearward, which resul ted i n  a s tab le  force gradient with increase 
i n  angle of a t tack .  An increase i n  airspeed above the  t r i m  airspeed a l s o  caused 
a rearward s h i f t  of wing center  of pressure, but  a t  a grea te r  r a t e .  This s h i f t  
resul ted i n  an  unstable force gradient a t  low angles of a t tack .  The s t ick-force 
buildup i n  t h i s  region was abrupt and reached a magnitude i n  excess of an e s t i -  
mated 100 pounds within 20 knots t o  25 knots of trim speed. 
were adjusted t o  approximately zero, and bungees were added t o  increase the  a i r -  
speed operating range with to le rab le  maximum s t i c k  forces .  
of center-of-pressure s h i f t  w i t h  increasing airspeed, however, an increase of 
only 5 knots t o  10 knots i n  usable airspeed could be obtained. 
s top w a s  i n s t a l l ed  t o  insure t h a t  control  forces  could not exceed l5O pounds, 
thus establ ishing an operating l i m i t  f o r  the  vehicle.  The forces  indicated i n  
f igure  13  a r e  s t a t i c  forces  f o r  1 g f l i g h t  conditions.  Dynamic control  forces  
fu r the r  degraded the  control  system because of the  high i n e r t i a s  inherent i n  a 
center-of-gravi ty-shif t  control  system. These i n e r t i a  forces  were only apparent, 
however, when abrupt or large-deflection control  inputs were made. 

T r i m  airspeed forces  

Because of t h e  r a t e  

A control-system 

Lateral-direct ional  handling qua l i t i es . -  The basic  vehicle geometry and 
physical cha rac t e r i s t i c s  of the  t e s t  vehicles were responsible f o r  some unusual 
l a t e ra l -d i r ec t iona l  responses t o  applied i n t e r n a l  and external  forces .  
motions described i n  t h i s  sect ion a r e  those noted a t  the  p i l o t ' s  s t a t i o n  and were 
primarily about the  wing pivot point.  
t i v e  t o  the  fuselage was provided i n  the  yaw axis ;  however, because of t he  f l e x i -  
b i l i t y  of t h e  tower s t ruc ture  and small clearances i n  the  universal  f i t t i n g ,  
displacements i n  y a w  of approximately 5' between the  lower fuselage and the  wing 
keel were observed. 

The 

No freedom of ro ta t ion  of t he  wing r e l a -  

A s  a r e s u l t  of t he  type of control  system used, t he  l a t e ra l -d i r ec t iona l  
Hence, a disturbance caused by e i t h e r  modes could not be evaluated separately.  

external  or i n t e r n a l  s t imuli  resul ted i n  a coupled motion. 

Total  vehicle response t o  la te ra l -cont ro l  inputs consisted of an i n i t i a l  
l a t e r a l  ro ta t ion  of t he  lower fuselage around the  wing pivot point, with a 
s l i g h t l y  delayed w i n g  ro ta t ion  l a t e r a l l y  and d i rec t iona l ly .  This wing motion was 
followed by a f i se lage  realinement t o  e f f ec t  equilibrium as a r e s u l t  of t h e  new 
relat ionship of center  of pressure and center of gravi ty .  

Vehicle responses t o  external  forces  such as turbulence and towline dynamics 
were opposite t o  those resu l t ing  from control  inputs and were dis turbing t o  t h e  
p i l o t .  Sl ight  changes i n  t h e  alinement or locat ion of t he  l i f t  vector resu l ted  
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i n  appreciable d i r ec t iona l  fuselage motions about t he  wing pivot point.  
w a s  concluded t h a t  a high value of d i rec t iona l  s t a b i l i t y  exis ted.  
d i rec t iona l  o sc i l l a t ions  resu l t ing  from la te ra l -cont ro l  inputs were of small 
amplitude and were l i g h t l y  damped. 

Thus, it 
Lateral- 

Landing Flare  and Touchdown 

One of t h e  advantages of a paraglider over a conventional parachute recovery 
system i s  the  a b i l i t y  t o  achieve zero v e r t i c a l  ve loc i ty  a t  touchdown by means of 
a f l a r e .  A primary purpose of t he  Fl ight  Research Center paraglider program i s  
t o  invest igate  the  p i l o t ' s  a b i l i t y  t o  accomplish t h i s  manually, or t o  determine 
the  amount of ass i s tance  necessary f o r  repeated successful landings. 

Landing from ground tow.- During the  ear ly  phases of t he  f l i g h t  program, 
numerous landings were made with the  paraglider s t i l l  attached t o  the  towline. 
Th i s  technique was used t o  fami l ia r ize  the  p i l o t  with the  avai lable  control  
responses. This method a l s o  eliminated any requirement f o r  control  correct ions 
t o  compensate f o r  t r ans i en t s  i n i t i a t e d  by towline re lease  and prevented excessive 
d i rec t iona l  divergences a t  touchdown. A s  confidence was established i n  t h e  
p i l o t ' s  a b i l i t y  t o  adequately judge r a t e  of control  input required as a function 
of airspeed, landing f l a r e s  were i n i t i a t e d  from l o w  a l t i t u d e s  (10 t o  20 f t )  with 
s lack towlines. Towline s lack  w a s  obtained by abruptly slowing the  tow vehicle 
on command of t he  paragl ider  p i l o t .  Following a se r i e s  of successful landings 
using t h i s  technique, towline releases  were made a t  a l t i t u d e s  of 10 f e e t  t o  
20 f e e t .  This procedure resul ted i n  a wide var ia t ion of touchdown conditions, 
since, i n  l e s s  than 2 t o  3 seconds, t h e  p i l o t  had t o  correct  f o r  any t rans ien ts  
due t o  towline release,  push over t o  minimize deceleration, and i n i t i a t e  and 
perform the  f l a r e .  Release a l t i t u d e s  below 100 f e e t  were not considered des i r -  
able, inasmuch as there  was insu f f i c i en t  time t o  accomplish a proper t r a n s i t i o n  
from towed t o  f r e e  f l i g h t .  Release a l t i t u d e s  were increased t o  a minimum of 
200 f e e t  f o r  subsequent landing attempts. 

During t h i s  phase of the landing investigation, flares w e r e  i n i t i a t e d  from 
equilibrium-glide conditions a t  airspeeds between 35 knots and 60 knots. 
quickly establ ished tha t  flares i n i t i a t e d  a t  or below 42 knots ( indicated a i r  
speed f o r  maximum l i f t - d r a g  r a t i o )  resul ted i n  r e l a t i v e l y  high touchdown v e r t i c a l  
ve loc i t ies ,  w i t h  considerable var ia t ion  i n  successive attempts. The energy 
ava i lab le  f o r  f l a r i n g  from 42 knots appeared t o  be an absolute minimum t o  achieve 
zero v e r t i c a l  veloci ty .  Consequently, any var ia t ion  i n  a l t i t u d e  of i n i t i a t i o n  or 
r a t e  of control  appl icat ion during flare resul ted i n  e i t h e r  completing the  f l a r e  
a t  or above t h e  ground, or not completing it p r i o r  t o  touchdown. The energy 
ava i lab le  a t  airspeeds lower than 42 knots i s  only su f f i c i en t  t o  reduce the 
equilibrium-glide v e r t i c a l  veloci ty  t o  some minimum value grea te r  than zero, and 
from 35 knots i s  only adequate t o  achieve a minimum of 8 f t / s ec  t o  10 f t / s ec .  
Variations i n  f l a r e - i n i t i a t i o n  a l t i t u d e  and control  rate r e s u l t  i n  even higher 
minimum v e r t i c a l  ve loc i t ies .  A s  airspeed for flare i n i t i a t i o n  i s  increased above 
42 knots, landing can be consis tent ly  accomplished w i t h  touchdown v e r t i c a l  veloc- 
i t i e s  of 5 f t / s ec  or l e s s .  
t i o n a l  t i m e  from f l a r e  i n i t i a t i o n  t o  touchdown and a l s o  enables the  p i l o t  t o  make 
minor adjustments during the  f l a r e  t o  compensate f o r  e r ro r s  i n  judging proper 

It was 

This excess energy provides a s l i g h t  amount of addi- 
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f l a r e - i n i t i a t i o n  a l t i t u d e .  Pref la re  airspeeds of 55 knots t o  60 knots provided 
enough energy t o  complete an i n i t i a l  f l a r e  and an adjustment a f t e r  f l a r e  o r  t o  
vary the  r a t e  of f l a r e  t o  insure t h a t  zero v e r t i c a l  ve loc i ty  was achieved a t  o r  
j u s t  above the  ground. The paraglider p i l o t s  considered t h i s  second technique 
(varying the  r a t e  of f l a r e )  t o  be the  most des i rab le  and u t i l i z e d  it for a l l  
subsequent landings. 
t o  be made t o  evaluate vehicle response before reaching the  minimum a l t i t u d e  
required f o r  completion of a f l a r e .  By t h i s  means, the  r a t e  of f l a r e  required t o  
achieve sa t i s f ac to ry  touchdown conditions could be cont inual ly  evaluated by the 
p i l o t  throughout the  f l a r e  as control  was applied.  

The technique allowed several  longitudinal-control inputs 

The time from f l a r e  i n i t i a t i o n  t o  touchdown, even a t  the higher airspeeds, 
w a s  of t h e  order of 3 seconds t o  3.5 seconds. This time i s  considerably l e s s  
than that ava i lab le  t o  the  p i l o t  of the X-15 o r  s i m i l a r  low- l i f t -drag- ra t io  
vehicles  (approximately 30 seconds f o r  t he  X-15)  , since the  t o t a l  energy a v a i l -  
able  f o r  f l a r e  is  a function of the velocity squared. 

Sixty-five landings of the t e s t  vehicles were made from equilibrium f r ee -  
f l i g h t  conditions by four d i f f e ren t  p i lo t s .  
f l a r e s  a t  airspeeds lower than 45 knots. 
a i rspeeds g rea t e r  than 45 knots had estimated touchdown v e r t i c a l  ve loc i t i e s  of 
5 f t / s ec  o r  l e s s .  

Only the  project  p i l o t  attempted 
A l l  of t h e  landings made from p re f l a re  

A l l  of the  paragl ider  landings f r o m  s t ab i l i zed  f r e e - f l i g h t  conditions were 
made on Rogers Dry Lake, a t  Edwards, Cal i f .  No height cues a r e  ava i lab le  other 
than surface tex ture  or, i n  some areas, marked runway l i n e s .  Reference t o  the  
barometric a l t imeter  was by individual p i l o t  preference; however, none of t he  
p i l o t s  used the  a l t imeter  below 100 fee t .  F l a re - in i t i a t ion  a l t i t u d e  was of 
l i t t l e  i n t e r e s t  t o  the p i lo t ,  s ince f l a r e  was i n i t i a t e d  and adjusted a s  a 
function of t he  p i l o t ' s  capabi l i ty  t o  v isua l ly  perceive closing r a t e  with the  
touchdown point .  
up t o  35 f t / s ec  p r io r  t o  f l a r e .  
during any of the f l a r e s .  

This method has proved t o  be adequate a t  v e r t i c a l  ve loc i t i e s  
G r m d  e f f e c t  w a s  not apparent t o  the  p i l o t  

Free g l ide  and landing from a i r  tow.- Several f l i g h t s  were made with re lease  
a l t i t u d e s  i n  excess of 2,000 f e e t  above the  lakebed t o  evaluate the  capab i l i t y  of 
landing on a preselected- point and heading. 
within 1,000 fee t ,  horizontally,  of t h e  desired touchdown point .  Approach 
pa t te rns  consisted of a combination of 360" turns  and S-turns, with ai rspeed 
varying between 43 knots and 60 knots. 
within 20 f e e t  of t h e  desired point, and maximum deviat ion on subsequent landings 
was approximately 200 f e e t .  
d i t i o n s  ( l i g h t  turbulence and wind veloci ty  l e s s  than 10 knots) . Familiarization 
and prac t ice  could reduce the  dispersion on touchdown even fu r the r  and, thus, 
c m l d  give consis tent  resi2lt.s within +200 f e e t  of t he  desired touchdown point .  

Geographical pos i t ion  a t  re lease  was 

The t h i r d  attempt resu l ted  i n  a landing 

These approaches were made i n  r e l a t i v e l y  calm con- 
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CONCLUSIONS 

Results of f l i g h t  t e s t s  of the  performance, s t a b i l i t y ,  and control  charac- 
t e r i s t i c s  of two unpawered, manned paragliders l e d  t o  the  following conclusions: 

1. Using a center-of-gravi ty-shif t  control  system, a vehicle of t h i s  type 
can be controlled i n  towed f l i g h t ,  f r e e  f l i gh t ,  and f l a r e  and landing. 

2. The ava i lab le  airspeed range of 30 KIAS t o  65 KIAS was l imited by the  
rearward center-of-pressure s h i f t  a t  angles of a t t a c k  above and below t r im  angle 
of a t tack .  

3. A vehicle of t h i s  type can be maneuvered t o  a predetermined landing 
point.  

4. The landing f l a r e  must be i n i t i a t e d  a t  a speed higher than that required 
f o r  minimum steady-state  f l ight-path angle -to consis tent ly  achieve acceptable 
v e r t i c a l  ve loc i t i e s  a t  touchdown i n  the  short  time (2  t o  3 seconds) ava i lab le  
f o r  f l a r e .  

5 .  Wind-tunnel t e s t s  may be inadequate t o  determine the center  of pressure 
of a paraglider because of small differences i n  membrane shape. This i s  a l s o  
t r u e  f o r  f l i g h t  wings; each wing must be trimmed individually or  provisions must 
be made i n  t h e  control  system t o  account f o r  center-of-pressure s h i f t s  caused by 
small differences i n  membrane shape. 

Fl ight  Research Center, 
National Aeronautics and Space Administration, 

Edwards, Calif. , February 6 ,  l S 3 .  
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APPENDIX 

ANALYSIS OF PARAGLIDER AERODYNAMICS 

Performance 

Wind-tunnel data (ref. 2) from a wing geometrically similar to the wings of 
the test vehicles and the estimated drag of the fuselage were used to determine 
the lift-drag characteristics and steady-state flight conditions of the vehicles. 

The fuselage drag of vehicle A was estimated by considering the drag of each 
of the following components, assuming no interference effects: pilot, 30 feet of 
1 1/2-inch-diameter tubing perpendicular to the airstrkam (supercritical Reynolds 
number), wheels, and instrument panel (ref. 4) . 
these components yields a total drag coefficient of the fuselage of 0 . 6 ,  based 
on the wing area. 
lift-drag-ratio and steady-state flight data presented in figures 9 and 10. 

The summation of the drag of 

This fuselage drag was swnmed with the wing data to obtain the 

The lift-drag characteristics of vehicle I) were estimated in a similar 
manner, with a more conservative estimate of the drag of thc structure than was 
used for vehicle A.  The flight data from vehicle A were also used in the anal- 
ysis, inasmuch as the wing used on vehicle A was geometrically similar to the 
wing of vehicle B. These data were conservative, since the shape of the wing 
membrane on vehicle A resulted in a higher drag for the wing. 
the drag of the components of the fuselage yields a total drag coefficient of the 
fuselage of 0.123, based on the wing area. 
wing drag yields the lift-drag characteristics and steady-state flight conditions 
of vehicle B presented in figures 11 and 12. 

The summation of 

This fuselage drag summed with the 

Gust Effects 

Vehicles with low wing loadings are particularly susceptible to gusts. To 
determine the effect of gusts on the test vehicles, the initial normal acceler- 
ation resulting from a ?-knot gust was calculated. The analysis of this condi- 
tion is based on the following assumptions: 
horizontal velocity, only initial accelerations are considered, and the lift 
coefficient is constant. Considering these assumptions, the initial normal 
accelerations from a ?-knot gust were calculated from the equation 

gust acts as a pure step in 

and are presented in figure 14 as a function of This acceleration disturbed 
the vehicle from the flight path and was critical during the flare maneuver since 
the vehicle did not have adequate lift-drag ratio to recover. 

CJ,. 
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Longitudinal S t a b i l i t y  and Control 

The following longi tudinal  s t a b i l i t y  and control  analysis  was performed t o  
determine the  range of center-of-gravity t r a v e l  required and t o  determine t h a t  
the  s t a b i l i t y  was adequate over th i s  range f o r  the t e s t  vehicles.  I n  t h i s  
analysis,  t he  following assumptions were mde :  an aerodynamic center  does exis t ,  

booms do not de f l ec t  under load, and the  drag of t h e  fuselage a c t s  through the  
vehicle center  of gravi ty .  

and C a r e  constant, t he  boom sweep angle remains constant, t he  keel  and cNol Xol 

Taking moments about the vehicle center of grav i ty  and using the  geometry 
shown i n  figure l'j yie lds  t h e  following re la t ionship  

where 

xo = 0.462, 

By l e t t i n g  C, = 0 

f o r  constant trimmed l i f t  coef f ic ien t  i n  r e l a t ion  t o  t h e  wing can be determined. 
These l o c i  a r e  shown i n  f igure  16. 

i n  equation (2 ) ,  t he  locus of t he  center-of-gravity posi t ions 

Different ia t ing equation (2) with respect t o  angle of a t t ack  y ie lds  the 
following re la t ionship  

c% = (" IkXO) cNczw + (" l,"O) C% 

where ( r e f .  2) 

CN = 0.0432 per deg aw 
CX = -0.02 per deg 

% 

From t h i s  re la t ionship,  t he  locus of center-of-gravity posi t ions f o r  constant 

Cma i n  r e l a t ion  t o  t h e  wing can be determined, as shown i n  f igure  16. 

To achieve an adequate airspeed range, it was desired t o  trim the  t e s t  
vehicles from a l i f t  coef f ic ien t  of 0.180 t o  1.1 with su f f i c i en t  longi tudinal  



s t a b i l i t y  over t h i s  range. 

as the  center  of grav i ty  i s  moved c loser  t o  the  keel.  

the center  of grav i ty  was located 48 percent of t h e  keel length below the  keel.  
The forward and rearward center-of-gravity t r a v e l  shown resul ted from the  
requirement t o  trim over a wide range of l i f t  coef f ic ien ts .  

As shown i n  f igure  16, C% becomes l e s s  negative 

To provide adequate Cracl, 
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TABLE I.- PHYSICAL CHARACTEKETICS OF THE TEST VEHICLES 

Weight (including p i l o t ) ,  l b  . . . . . . . . . . . . . . .  
Parawing : 

Area ( t o t a l  c lo th ) ,  sq f t  . . . . . . . . . . . . . . .  
Loading, lb/sq f t  . . . . . . . . . . . . . . . . . . .  
Keel chord, f t  . . . . . . . . . . . . . . . . . . . . .  
Boom length, f t  . . . . . . . . . . . . . . . . . . . .  
Boom diameter, percent keel  length . . . . . . . . . . .  
Sweepback angle (booms), deg . . . . . . . . . . . . . .  
Attachment point,  percent keel  length . . . . . . . . .  
Vert ical  dis tance from attachment point t o  center  of 

gravity,  percent keel  length . . . . . . . . . . . . .  
Boltrope, percent . . . . . . . . . . . . . . . . . . .  

Fuselage, f t :  
Length . . . . . . . . . . . . . . . . . . . . . . . . .  
Width . . . . . . . . . . . . . . . . . . . . . . . . .  Height . . . . . . . . . . . . . . . . . . . . . . . . .  

Vehicle Vehicle 
A B 

640 

150 150 
3 -54 4.27 
14.7 14.7 
14.7 14.7 
1.4 1.4 
50 50 

47.5 47 95 

48 47.6 
0 Variable 

9.42 9.42 
11.16 11.16 
6 975 6 975 

Control system: 
Longitudinal - 

Change i n  wing incidence, deg . . . . . . . . . . . .  0 t o  22 0 t o  22 
Change i n  wing incidence per s t i c k  t rave l ,  deg/in. . .  1.13 1.13 

Change i n  wing angle r e l a t i v e  t o  f‘uselage, deg . . . .  +7 *5 
Change i n  w i n g  angle per s t i c k  t rave l ,  deg/in. . . . .  0.95 0.42 

Latera l  - 
+14 

16 
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Figure 10.- Steady-state flight parameters as a function of lift coefficient. 
Vehicle A. 
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Figure 12.- Steady-state flight parameters as a function of lift coefficient. 
Vehicle B . 
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